Abstract: Currently, hot-water drill systems are actively used to observe ocean cavities under ice shelves, detect the effects of climate change on glaciers, retrieve sub-ice seabed samples, study the internal ice structure with video imaging, log temperatures, measure deformations within ice, determine basal sliding velocity, provide clean access to subglacial lakes, and many other scientific applications. The main parameters of hot-water drilling systems in any configuration are flow rate, delivery pressure, and temperature of the delivered water. The controlled outcome variables are the diameter of the drilled borehole, rate of penetration, power and fuel consumption for ice melting, and refreezing rate of the borehole. The independent variables while drilling are the current/target depth and the temperature of the ice. The paper aims to present a design procedure for hot-water drilling parameters that are necessary to choose appropriate equipment and tools at the planning stage.
Introduction
In the 1970s, hot-water ice drilling technology was introduced by French and Swiss scientists as one of the fastest methods to drill boreholes in glaciers [1, 2] . Nowadays, hot-water drill systems are actively used for different tasks that can be subdivided by depth as shown ( Figure 1 ): (1) near-surface drilling up to 50-60 m for ablation stakes installation, temperature measurements, access to lake/ocean water, and seismic surveying [3, 4] ; (2) shallow drilling up to 300-400 m for monitoring glacier dynamics, basal sliding, and englacial water pressure [5, 6] ; (3) intermediate drilling up to 1500 m for studying marginal parts of the Antarctic and Greenland ice sheets, for access holes through ice shelves, and for subglacial lakes exploration [7] [8] [9] ; and (4) deep drilling up to a depth of 3500 m for subglacial exploration, installation of neutrino detectors, and other scientific applications [10, 11] . Even coring of ice is possible with hot-water drilling [12, 13] .
Numerous hot-water drills have been constructed by combining water pumps and heating units, with individual specifications matched to achieve certain drilling rates over anticipated ranges of borehole depths, borehole widths, and ice temperatures. However, the principle of all systems is the same: hot water is pumped and pressurized through the drill hose to a nozzle that jets hot water to melt the ice. In many cases, the drilling process consists of two phases: (1) drilling in the narrow sense, when the drill melts its way down through the ice, and (2) reaming, when the drill is raised or lowered with the hot water continuing to flow. The reaming enlarges the hole and keeps warm water in contact with the borehole for longer to give more heat an opportunity to conduct into the ice, but this will not be a concern in the paper. By warming the ice surrounding the hole, it takes longer for the borehole to Numerous hot-water drills have been constructed by combining water pumps and heating units, with individual specifications matched to achieve certain drilling rates over anticipated ranges of borehole depths, borehole widths, and ice temperatures. However, the principle of all systems is the same: hot water is pumped and pressurized through the drill hose to a nozzle that jets hot water to melt the ice. In many cases, the drilling process consists of two phases: (1) drilling in the narrow sense, when the drill melts its way down through the ice, and (2) reaming, when the drill is raised or lowered with the hot water continuing to flow. The reaming enlarges the hole and keeps warm water in contact with the borehole for longer to give more heat an opportunity to conduct into the ice, but this will not be a concern in the paper. By warming the ice surrounding the hole, it takes longer for the borehole to close. This is critical, as there must be adequate time after producing the hole to insert and lower the instrumentation before the borehole becomes too small.
Water serves as a heat transfer conduit and drilling fluid at the same time. Several approaches to obtain water for drilling are used ( Figure 2 ): (1) surface runoff water from mountain glaciers and the Greenland ice sheet that melts in the summer; (2) water melted in containers or tanks from surface snow and ice; (3) water from a supplementary borehole drilled nearby and connected with the main borehole by a subsurface cavity; and (4) water pumped out directly from the drilled borehole. The best practice is to use local surface meltwater if available or to recirculate water back from a drilled hole, because melting snow is difficult and doubles the fuel consumption. However, if the Water serves as a heat transfer conduit and drilling fluid at the same time. Several approaches to obtain water for drilling are used ( Figure 2 ): (1) surface runoff water from mountain glaciers and the Greenland ice sheet that melts in the summer; (2) water melted in containers or tanks from surface snow and ice; (3) water from a supplementary borehole drilled nearby and connected with the main borehole by a subsurface cavity; and (4) water pumped out directly from the drilled borehole. The best practice is to use local surface meltwater if available or to recirculate water back from a drilled hole, because melting snow is difficult and doubles the fuel consumption. However, if the recirculating water is used, a meltwater tank is also necessary to start drilling, and to a far lesser extent to compensate for the density difference of the ice and water replacing it.
Depending on drilling targets, hot-water drills can produce small-diameter holes (up to 100-150 mm), intermediate-diameter holes (up to 300-350 mm), and large-diameter holes (up to 600-1000 mm). Small-diameter holes are typically produced when drilling shallow and intermediate-depth boreholes to depths of 500-800 m [5, 6] . However, to deploy samplers and other instrumentation, the size of hot-water boreholes has to be increased to 250-350 mm [7, 8] . There are some special cases when a melted borehole should be very large, e.g., the required hole diameter in the IceCube project was as large as 0.6 m to deploy the digital optical modules [10] . The WISSARD project also required large-diameter holes (1 m) for the deployment of large scientific payloads, such as the Sub-Ice Rover [9] . recirculating water is used, a meltwater tank is also necessary to start drilling, and to a far lesser extent to compensate for the density difference of the ice and water replacing it. General schematics of typical hot-water drill systems depending on approaches to obtain water for drilling and to heat/pump water, as well as configurations for the mast and sheave wheel: (a) surface runoff water at mountain glaciers and the Greenland Ice Sheet that melt in the summer with folded mast, heater, and pump; (b) water melted in containers or tanks from surface snow and ice with dismountable mast and heater/pump unit combined in high-pressure washer; (c) water from supplementary borehole drilled nearby and connected with the main borehole by a subsurface cavity, stationary mast, and series of heaters/pumps; (d) water pumped out directly from the drilled borehole with tower, crescent wheel, and series of heaters/pumps.
Depending on drilling targets, hot-water drills can produce small-diameter holes (up to 100-150 mm), intermediate-diameter holes (up to 300-350 mm), and large-diameter holes (up to 600-1000 mm). Small-diameter holes are typically produced when drilling shallow and intermediate-depth boreholes to depths of 500-800 m [5, 6] . However, to deploy samplers and other instrumentation, the size of hot-water boreholes has to be increased to 250-350 mm [7, 8] . There are some special cases when a melted borehole should be very large, e.g., the required hole diameter in the IceCube project was as large as 0.6 m to deploy the digital optical modules [10] . The WISSARD project also required large-diameter holes (1 m) for the deployment of large scientific payloads, such as the Sub-Ice Rover [9] .
The main parameters of hot-water drilling systems, regardless of configuration, are flow rate, delivery pressure, and temperature of the delivered water. The controlled outcome variables are the diameter of the drilled borehole, rate of penetration, power and fuel consumption for ice melting, and refreezing rate of the borehole. The independent variables while drilling are the current/target depth and temperature of the ice. There are some other issues that should be also taken into consideration by engineers during the planning stage: the size and mass of the whole system and a b c d Figure 2 . General schematics of typical hot-water drill systems depending on approaches to obtain water for drilling and to heat/pump water, as well as configurations for the mast and sheave wheel: (a) surface runoff water at mountain glaciers and the Greenland Ice Sheet that melt in the summer with folded mast, heater, and pump; (b) water melted in containers or tanks from surface snow and ice with dismountable mast and heater/pump unit combined in high-pressure washer; (c) water from supplementary borehole drilled nearby and connected with the main borehole by a subsurface cavity, stationary mast, and series of heaters/pumps; (d) water pumped out directly from the drilled borehole with tower, crescent wheel, and series of heaters/pumps.
The main parameters of hot-water drilling systems, regardless of configuration, are flow rate, delivery pressure, and temperature of the delivered water. The controlled outcome variables are the diameter of the drilled borehole, rate of penetration, power and fuel consumption for ice melting, and refreezing rate of the borehole. The independent variables while drilling are the current/target depth and temperature of the ice. There are some other issues that should be also taken into consideration by engineers during the planning stage: the size and mass of the whole system and individual components; a list of measured/controlled parameters and a reliable control system; maintenance, assembly, and disassembly of the system; drill nozzle design; and methods for preventing freezing when transporting or otherwise shutting down a hot-water drill. However, a consideration of these issues is beyond the scope of this study.
There are several publications that include estimations of the borehole size, lifetime, and other parameters of hot-water drilling systems [14] [15] [16] , but the design principle of the entire system is lacking. The focus of this paper is to present the design procedure of hot-water drilling parameters that are necessary to choose appropriate equipment and tools on the planning stage.
Main Parameters of Hot-Water Drilling System

Minimum Flow Rate of Hot Water
The heat from hot water spraying out of the nozzle (Figure 3 ) is used for (1) raising ice temperature to its melting point; (2) melting ice; and (3) mixing with melting water and raising the water temperature to a balance temperature. The energy balance at the bottom-hole area can be estimated as [5, 15, 17] :
where Q is the mass flow rate of hot water, kg s −1 ; C w is the heat capacity of water, J kg −1 K −1 ; T b is the bottom temperature of drilling water that sprays out of the nozzle; T f is the final temperature of the mixture of hot water and melted ice, • C; ρ w is the density of the drilling water, kg m −3 ; ρ i is the density of the ice, kg m −3 ; D is the mean diameter of borehole, m; ∆z is the depth increment, m; l i is the latent heat of the melted ice, kJ kg −1 ; ε is the coefficient accounting for the lateral conductive heat losses in ice masses outside of the borehole (Zotikov suggested that this part of heat losses could be estimated as 2-5% of the energy to raise the initial ice temperature to the melting point [18] ); T i is the ice temperature, • C; C i is the heat capacity of ice J kg −1 K −1 ; and t is time, s. The drilling depth divided by the drilling time ∆z/t can be replaced by rate of penetration (ROP) v, and after rearrangement, we get the required flow rate: The drilling depth divided by the drilling time ∆z/t can be replaced by rate of penetration (ROP) v, and after rearrangement, we get the required flow rate:
If the heat input is fully used in melting ice (energy exchange efficiency is 100% at the bottom-hole area), then T f = 0 and the minimum flow rate will be as follows:
As the temperature of ice is an independent factor that cannot be changed, there are only three variables that influence the choice of flow rate: the desired ROP, required borehole diameter, and bottom temperature of the drilling water. For some special purposes such as deploying instrumentation into/through the ice, the borehole diameter should be not less than a specified value, while in the other cases, drilling should be as fast as possible.
To drill holes with v = 30 m h −1 (that could be considered as the minimal desired ROP) and mean diameter ≥0.3 m, the minimum flow rate should be ≥60 L min −1 , assuming that the temperature of the sprayed hot water at the bottom of the hole T b ≥ 50 • C ( Figure 4 ). The ROP is directly proportional to the flow rate of hot water ( Figure 5 ). To drill as fast as possible, one needs to follow the simple rule: higher flow rate and higher temperature lead to a higher ROP. Both parameters are limited by the capacities of the commercially available or customized equipment planned to be used in the system. Considering that the borehole is usually not round and that the energy efficiency at the melting region cannot achieve 100%, we suggest to choose a rate 1.2-1.5 times higher than the minimum flow rate as the final choice. instrumentation into/through the ice, the borehole diameter should be not less than a specified value, while in the other cases, drilling should be as fast as possible.
To drill holes with v = 30 m h −1 (that could be considered as the minimal desired ROP) and mean diameter ≥0.3 m, the minimum flow rate should be ≥60 L min -1 , assuming that the temperature of the sprayed hot water at the bottom of the hole Tb ≥ 50 °C ( Figure 4 ). The ROP is directly proportional to the flow rate of hot water ( Figure 5 ). To drill as fast as possible, one needs to follow the simple rule: higher flow rate and higher temperature lead to a higher ROP. Both parameters are limited by the capacities of the commercially available or customized equipment planned to be used in the system. Considering that the borehole is usually not round and that the energy efficiency at the melting region cannot achieve 100%, we suggest to choose a rate 1.2-1.5 times higher than the minimum flow rate as the final choice. 
Delivery Pressure
Because hot water flow moves down through the hose, losses due to friction between the moving liquid and the walls of the hose cause the pressure within the pipe to reduce with distance; this is known as head loss. In addition, changes in flow velocity due to changes in the geometry of a fluid system (i.e., changes in cross-section, bends, nozzle, and other fittings) set up eddies in the flow, resulting in energy losses. The delivery pressure p p (Pa) from the pump should not be less than the head losses in the hot-water circulation system, accounting for the kinetic energy of spray-out water [19] :
where k s is the safety coefficient (in conventional rock drilling, ordinarily k s = 1.3-1.5); Σp f are friction pressure losses, Pa; Σp l are local pressure losses, Pa; and U is the speed of water flow, m s −1 . Friction pressure losses depend on the length of the flow line, fluid characteristics (viscosity, density, Reynolds number), and hose roughness, and can be calculated using the well-known Darcy-Weisbach equation:
where λ r is the roughness coefficient; L is the total length of the circulation line, m; and d h is the inner diameter of the hose, m. The speed of flow can be easily calculated according to:
where Q w is the actual flow rate of the water, m 3 s −1 . For laminar flow, the roughness coefficient λ r is completely independent of roughness itself and varies only with the Reynolds number Re that is the relative strength of the viscous and inertial forces:
where ν is the kinematic viscosity of the drilling fluid, m 2 s −1 . Thus, for laminar flow when Re is less than 2000 [20] :
In the range of Reynolds numbers from 2000 to 4000, the flow changes from laminar to turbulent. Values of λ r are uncertain in this range. If the circulation system was designed for flow in this range, the only safe procedure would be to assume that flow is turbulent. When flow occurs at Reynolds numbers greater than 4000, values of λ r in the Darcy-Weisbach formula vary with roughness as well as with viscosity and density, and the friction factor is less clearly defined because radial components of velocity exist and there is an interchange of momentum between adjacent layers of fluid. Turbulent flow may be divided into three categories: flow in smooth hoses, flow in relatively rough hoses at high velocities, and flow in the transition zone between the first two categories. On all occasions, we observe the turbulent flow in hot-water drilling systems, and the surface roughness does not protrude beyond the laminar sublayer of the boundary flow. In general, we could solve Equations (6) and (7) to get a Reynolds Number and choose the proper roughness number. In our case, Re is within the range of 10 5 and 3 × 10 6 , and at turbulent flow, the roughness coefficient approaches closely to [20] :
Local pressure losses are usually expressed in terms of the local loss coefficient k l that depends on the geometry of circulation system:
For a long, uniform, straight hose, the local pressure losses are far less than the friction losses. Even if the exact geometry of the fluid loop is not known, in a first approximation, we consider less than 20 abrupt contractions and entrances, 20 sharp bends, 20 valves, and 20 exits and abrupt expansions. In this case, the total local pressure losses at the surface are lower than 0.05 MPa [21] .
The highest local pressure losses are observed in the drill nozzle, with the diameter being far less than the hose diameter. The higher the water jet exit velocity, the higher the ROP can be if it is required. Typically, the pressure drop across the nozzle would be in the range of 0.5-1.0 MPa to give the exit velocity of 30-40 m s −1 that is essential for rapid hole formation in advance of the drill nozzle, thus maintaining both an acceptable ROP and hole verticality, and making the hole diameter large enough to allow the nozzle to pass through with further melting taking place over several meters above the nozzle [8] .
In most cases of intermediate or deep hot-water drilling, the friction pressure losses play the main roles in the required delivery pressure of the hot water flow, which mostly depends on the length of the hose, the hose diameter, and the flow rate (Figure 6 ), while the local pressure losses may be much more important for shallow drills to provide a strong contact upon bottom ice. 5 MPa is enough for a 200 L min −1 flow in a 2500 m and 1.5" hose, while it can be 10 MPa for a 50 L min −1 flow in a 2500 m and 0.75" hose. For a common 200 L min −1 hot-water project whose target depth is more than 1000 m, the hose diameter is preferably at least 1.25".
Initial Temperature of Hot Water
When drilling water flows through the long-distance hose, the temperature rapidly decreases from the surface to the nozzle. Therefore, hot-water drills have a limitation in their depth range: the limit is reached when the hot water flowing through the drill-hose cools to the freezing point by the time it arrives at the drill-nozzle. Assuming a constant heat transfer coefficient along the hose length, Taylor suggested the following equation to estimate heat loss through the drill-hose wall [16] :
where k is the coefficient of thermal conductivity of the hose, J s −1 m −1 K −1 ; d h and b are the hose diameter and wall thickness, respectively, m; z is the borehole depth, m; and T 0 is the initial temperature of water, • C. Meanwhile, heat transfer theory gives the following equation for heat loss in the hot-water down flow [22] :
Equating the heat losses and rearranging gives the following equation for the initial temperature of the water:
πkd h z bρw QCw (13) In the general case, the initial temperature of the water increases with T b , k, d h , and z, and decreases with an increase in C w , Q, and b. depending on target depth, assuming Tb = 50 °C, b = 11 mm, dh = 38 mm, k = 0.3 J s m K , and Cw = 4190 J kg −1 K −1 . The hot water supply temperature can reach as high as 80 to 100 °C depending on the drill site elevation and boiler capacity. Assuming the maximal initial temperature of hot water as 90 °C, using pumps with a rated flow rate of 50 L min −1 has a target depth limitation of 600 m, 100 L min −1 -1200 m, and 150 L min −1 -1900 m. If the target depth is 2000 m, the initial temperature must be at least 80 °C at a 200 L min −1 flow rate. As Cw is a constant and a thicker hose means a heavier hose and a bigger reel, a relatively high initial temperature and flow rate are desirable. With higher T0 and Q, drilling is faster, but the same fraction of heat is lost from the hose. A larger hose diameter may cause temperature loss, but it is As C w is a constant and a thicker hose means a heavier hose and a bigger reel, a relatively high initial temperature and flow rate are desirable. With higher T 0 and Q, drilling is faster, but the same fraction of heat is lost from the hose. A larger hose diameter may cause temperature loss, but it is beneficial because it can reduce hydraulic resistance. A deep borehole will dramatically decrease the temperature, so we come to the same conclusion: it is crucial to have a high initial temperature and a large flow rate.
Controlled Outcome Variables of Hot-Water Drilling
Average Diameter of Borehole and Rate of Penetration
According to Equations (1) and (13) , when the flow rate and initial water temperature are decided, the mean diameter of borehole can be estimated through ROP as follows:
An increase in flow rate would directly proportionally increase the ROP and increase the borehole diameter by the square law. In most cases, the ROP is controlled by the operators to ensure that the tip of the drill nozzle is in a spaced position from the bottom of the hole. Figure 8 shows the borehole diameter changing with an initial temperature of water at 90 • C vs. the ROP (other parameters are the same as in the previous section). The penetration rate slows in deeper boreholes. A high flow rate and high bottom temperature both increase intensification of the drilling process. A drilling operator manually controls the proper ROP, obtaining the desirable diameter. To create a large diameter borehole, the penetration should be slow. This means that the control system including corresponding sensors is crucial to obtain the right diameter and high ROP, and the operators' experience is also highly valuable. 
Power and Fuel Consumption for Ice Melting
If we already know the initial temperature of delivering hot water, and with the assumption that all the water is heated from 0 °C to T0, the conservative estimates of fuel consumption for heating the water is [22] : 
If we already know the initial temperature of delivering hot water, and with the assumption that all the water is heated from 0 • C to T 0 , the conservative estimates of fuel consumption for heating the water is [22] :
For example, to create a flow rate of 200 L min −1 of the hot water with a temperature of 90 • C, drillers need to spend 1257 kW of heating power. Such a huge power supply is usually powered by a diesel burner or boiler. If the efficiency of the diesel boiler is 90%, it would typically consumẽ 152 L h −1 of fuel for this case.
Combining Equations (1) and (13), with the assumption that T f = 0, we can get:
πkd h z bρw QCw (16) We could also get the approximate fuel consumption for a planned hot-water drilling project (without considering fuel consumption for borehole reaming if it would be necessary):
where C fuel is the fuel consumption, L per m of drilled borehole; and q is the calorific value of diesel, kJ L −1 .
As the target depth is chosen, fuel consumption is only determined by the borehole diameter and hot water flow rate ( Figure 9 ). It should be noted that a larger flow rate may decrease fuel consumption because of less heat loss in the hose. In fact, a larger flow rate would tremendously increase the ROP and decrease drilling time per hole, thus decreasing heat conduction into the surrounding ice and thereby saving fuel consumption. Essentially, the tradeoff between flow rate and fuel consumption comes down to time-the high flow rates require much greater rates of fuel consumption, but they result in much higher rates of penetration; it takes much longer to reach the target depths with a low flow rate, so although the rate (time) of fuel consumption is low, the fuel consumption per meter is high. However, a larger flow rate leads to additional energy requirements to pressurize a higher flow of water, usage of bulky equipment, and an increase in logistic issues. The choices of flow rate, temperature of water, and fuel consumption should be decided together. 
For example, to create a flow rate of 200 L min −1 of the hot water with a temperature of 90 °C, drillers need to spend 1257 kW of heating power. Such a huge power supply is usually powered by a diesel burner or boiler. If the efficiency of the diesel boiler is 90%, it would typically consume ∼152 L h −1 of fuel for this case.
Combining Equations (1) and (13), with the assumption that = 0, we can get:
We could also get the approximate fuel consumption for a planned hot-water drilling project (without considering fuel consumption for borehole reaming if it would be necessary):
where Cfuel is the fuel consumption, L per m of drilled borehole; and q is the calorific value of diesel, kJ L −1 .
Refreezing Rate of the Borehole
The critical point for hot-water drilling technology is the refreezing of meltwater in the hole. A borehole filled with melted water begins to cool/refreeze immediately upon creation. The freezing of 
The critical point for hot-water drilling technology is the refreezing of meltwater in the hole. A borehole filled with melted water begins to cool/refreeze immediately upon creation. The freezing of meltwater in boreholes drilled in temperate glaciers that are near melting point throughout the year, from its surface to its base, is relatively slow; however, in polar glaciers, refreezing is comparably rapid. Thus, how long a borehole would remain sufficiently open should be considered at the beginning of the design project, because the hole cannot be left to refreeze until its diameter becomes less than the size of the drill stem or instrumentation being lowered through the hole.
The surrounding ice is much colder than borehole water, so heat is conducted into ice from water. When the heat that the surrounding ice absorbs in is more than the heat that borehole water heat loses, freezing happens at the interface. The governing equation implies the heat conduction process [17] :
where T i is the ice temperature, • C; r is the radial position of a point in the ice, m; and k i is the heat conductive coefficient in ice. It appears that several uncertainties have been observed in the previous studies of the water freezing process [14, 17, 23] . Hughes et al. proposed a concept of "porous ice", that is, ice with an open, porous structure [23] . The ice crystals attached to the borehole wall led to a porous annulus of ice that would influence the refreezing rate of the borehole. In this case, a flux model will be:
From these considerations, the refreezing rate can be estimated through the following equations:
or
where f ice is the heat flux that conducted into ice, W m −2 ; a is the initial radius, m; R is the position of the ice/water interface, m; t s is the measured time relative to the moment ice growth starts, s; and ∅ is the solid fraction, dimensionless.
To solve Equation (18), Greenler et al. suggested using MATLAB with a modified Euler method of integration [14] , while Huges et al. suggested using the MATLAB function 'pdepe' "for small values" of r and t [23] . The boundary conditions are the same:
where T w is the water temperature in the water/ice interface. The function 'pdepe' was used here, but this function could not achieve r → ∞ . How far the heat would go into the ice would influence the final results. To make the calculation more precise, we use a thermal boundary thickness δ [24] :
According to Equation (20), we can get
We use the temperature distribution of ice as the initial condition, assuming that the temperature of the ice-water interface is −1 • C (water melting point under pressure that corresponds to 1700 m depth of borehole water). δ governs how far the heat will go into ice. Thus, the ice-water interface will be in the range from a to a + δ. On the practical side, it is worthwhile to use the method of successive iterations. First, a small value of δ will give a pre-solution, and then another value of δ will be in turn substituted into Equation (20) to find a more precise solution. will be in the range from a to a + δ. On the practical side, it is worthwhile to use the method of successive iterations. First, a small value of δ will give a pre-solution, and then another value of δ will be in turn substituted into Equation (20) to find a more precise solution. Figure 10 shows borehole closure in different surrounding temperatures and different initial borehole radii, and if the radius of the borehole is 0.3 m, the borehole would close to 0.15 m after 24 h if the surrounding temperature of the ice is −30 °C, while it will be closed to 0.284 m after 24 h if the temperature is −5 °C. If the time of the hole to be open with the minimal diameter is not enough to finish drilling and observations, then reaming must be included in the working procedure. 
Recommendations and Example
We suggest the following response protocol at the designing stage. First, independent variables (target depth and potential temperature distribution of ice) have to be furnished. Then, the desired controlled outcome variables must be carefully analyzed and set: the minimal diameter of the drilled borehole, required rate of penetration, and required time for the hole to be kept open. At this stage, it is also necessary to choose a water supply method and to draw a general concept of the hot-water drilling system including the basic layout of the system, the main components, and the interconnections. Finally, the main parameters of hot water drilling systems, i.e., flow rate, delivery pressure, and temperature of the delivered water, can be estimated.
The proposed method was successfully used to choose parameters of a Jilin University (JLU) shallow hot water ice drilling system intended to make shot holes and temperature measurements in Antarctic margins (Table 1, Figure 11 ). To pump and heat the water, it was decided to use a commercial high-pressure washer, Kärcher HDS 6/14C, that can deliver water at a temperature in the range of 80-155 °C and a flow of 4-10 L min −1 at a pressure as high as 14 MPa [15] . This unit generally meets estimated conditions (required temperature 80 °C and flow rate 10 L min −1 ) and requires little maintenance. Even though it is quite heavy (108 kg), bulky, and not dismountable, its use can save the time required for the design and testing of the original system. The estimated pressure drop through the 100 m hose with an inner diameter of 22 mm is 1 MPa at the rate of 10 L min −1 . The remaining pressure loss (up to 9 MPa) is attributed to the local hydraulic resistances at various parts of the drill circulation system (mainly, in the nozzle). 
The proposed method was successfully used to choose parameters of a Jilin University (JLU) shallow hot water ice drilling system intended to make shot holes and temperature measurements in Antarctic margins (Table 1, Figure 11 ). To pump and heat the water, it was decided to use a commercial high-pressure washer, Kärcher HDS 6/14C, that can deliver water at a temperature in the range of 80-155 • C and a flow of 4-10 L min −1 at a pressure as high as 14 MPa [15] . This unit generally meets estimated conditions (required temperature 80 • C and flow rate 10 L min −1 ) and requires little maintenance. Even though it is quite heavy (108 kg), bulky, and not dismountable, its use can save the time required for the design and testing of the original system. The estimated pressure drop through the 100 m hose with an inner diameter of 22 mm is 1 MPa at the rate of 10 L min −1 . The remaining pressure loss (up to 9 MPa) is attributed to the local hydraulic resistances at various parts of the drill circulation system (mainly, in the nozzle). Table 1 . Estimated and chosen/tested parameters of Jilin University (JLU) shallow, hot-water, icedrilling system. Lab tests showed that the system, in general, worked adequately. Under the hot water flow rate of 10 L min -1 with a temperature of 60 °C, the 1.8-mm and 2-mm nozzles created 98-114 mm diameter boreholes at a penetration rate of 34-37 m h -1 . The required rate of penetration was set at 30 m h -1 , with a minimal diameter of the drilled borehole of 80 mm. Figure 11 . JLU shallow, hot-water, ice-drilling system installed on the drilling testing facility (for more details see Talalay et al., 2018 [15] ). Figure 11 . JLU shallow, hot-water, ice-drilling system installed on the drilling testing facility (for more details see Talalay et al., 2018 [15] ).
Parameters Estimated Parameters Chosen/Tested Parameters
Lab tests showed that the system, in general, worked adequately. Under the hot water flow rate of 10 L min −1 with a temperature of 60 • C, the 1.8-mm and 2-mm nozzles created 98-114 mm diameter boreholes at a penetration rate of 34-37 m h −1 . The required rate of penetration was set at 30 m h −1 , with a minimal diameter of the drilled borehole of 80 mm.
Conclusions
The presented method allows one to obtain the main parameters of hot-water drilling systems that are essential for choosing pumps, boilers, hoses, valves, and other surface and downhole equipment. To drill as fast as possible, to create a borehole as large as possible, and to save fuel consumption for target depth, higher flow rates and higher temperatures are required. However, a larger flow rate leads to the use of bulky equipment as well as logistical issues. The choices of flow rate, temperature of water, and fuel consumption should be decided together. Assuming the initial temperature of hot water as 90 • C, using pumps with a rated flow rate of 50 L min −1 has a target depth limitation of 600 m, 100 L min −1 -1200 m, and 150 L min −1 -1900 m. If the target depth is 2000 m, the initial temperature must be at least 80 • C at a 200 L min −1 flow rate. In most cases, several estimation cycles must be made before rational parameters are found.
In most cases of intermediate or deep hot-water drilling, the friction pressure losses play critical roles in the required delivery pressure of hot water flow, and they mostly depend on the length of the hose, hose diameter, and flow rate, while the local pressure losses may be much more important for shallow drills to provide a strong contact upon bottom ice. The length of time that a borehole remains sufficiently open depends on the surrounding ice temperatures and initial borehole radius. This should be carefully considered at the beginning of the design project because the hole cannot be left to refreeze until its diameter becomes less than the size of the drill stem or the instrumentation being lowered through the hole.
